Summary Free D -amino acids have increasingly attracted attention due to their physiological roles and pathological effects on animals, including humans. In this study, using a chiral high-performance liquid chromatography system, we determined free D -amino acids, particularly D -Ala and D -Glu, in traditional seasonings of four soy sauces, three misos, and four fish sauces that are commonly used in Asian cuisine. Examination of the average contents of the free D -amino acids in all the samples revealed that the content of D -Ala was 3.6 times higher than that of free D -Glu, while the average content of free L -Ala was lower (0.8 times) than that of free L -Glu. The average content of free L -Ala was significantly higher in the soy sauces (53 mol/g sample) and fish sauces (53 mol/g sample) than in the misos (14 mol/g sample), whereas the average content of free D -Ala was almost equal among the soy sauces, misos, and fish sauces (0.25, 0.29, and 0.23 mol/g sample, respectively). Taken together, neither free D -Ala nor D -Glu content showed a correlation with its free Lform in the samples, suggesting that the D -enantiomers are not necessarily produced by the same factors as those for the L -enantiomers, which originate from raw materials. Thus, factors specific to the production process of the fermented seasonings appear to play a significant role in their enantiomer content. Key Words fermented seasonings, free amino acids, D -amino acids, D -alanine, D -glutamic acid Amino acids are essential nutrients for all living organisms. Each amino acid except glycine has one asymmetric center at the ␣ carbon atom and is composed of L -and D -enantiomers. Racemic mixtures of Land D -amino acids are synthesized by several organic reactions in vitro. However, most living organisms except microorganisms predominantly use L -amino acids. It remains a scientific mystery why the L -configuration was selected by higher living systems, while microorganisms can produce, utilize, and metabolize Damino acids, possessing 30 to 50% of their free amino acids as D -enantiomers ( 1 , 2 ). Microorganisms especially use D -Ala and D -Glu as essential constituents of their cell wall peptidoglycans, which contribute to the protection of the cell wall against digestive attack by proteolysis enzymes ( 3 ).
Amino acids are essential nutrients for all living organisms. Each amino acid except glycine has one asymmetric center at the ␣ carbon atom and is composed of L -and D -enantiomers. Racemic mixtures of Land D -amino acids are synthesized by several organic reactions in vitro. However, most living organisms except microorganisms predominantly use L -amino acids. It remains a scientific mystery why the L -configuration was selected by higher living systems, while microorganisms can produce, utilize, and metabolize Damino acids, possessing 30 to 50% of their free amino acids as D -enantiomers ( 1 , 2 ) . Microorganisms especially use D -Ala and D -Glu as essential constituents of their cell wall peptidoglycans, which contribute to the protection of the cell wall against digestive attack by proteolysis enzymes ( 3 ) .
Little attention has been paid to the physiological and biological roles of D -amino acids in mammals due to their limited utilization. However, with advances in the analytical methodologies that can quantify trace levels of amino acid enantiomers, free D -amino acids have been found in a wide variety of mammalian tissues, including those of humans ( 4 , 5 ) . High-dose administration of some D -amino acids, including D -Glu, to experimental animals has been reported to induce several deleterious physiological effects ( 6 ) . On the other hand, D -Ser has been detected in the frontal brain regions ( 7 , 8 ) and has been revealed to function as a neuromodulator in the central nervous system ( 9 , 10 ) . D -Ala has also been demonstrated to function similarly to D -Ser in the central nervous system ( 11 ) .
In addition to their functions, the origin of D -amino acids in mammals is also of interest. Biosynthesis of Damino acids in the body and their uptake from the diet are the most possible origins. Only D -Ser and D -Asp have been reported to be biosynthesized in mammals to date ( 12 , 13 ) . Investigations of dietary sources of Damino acids, including both foods and beverages, have found fermented products such as cheese and wine to contain significantly higher amounts of free D -enantiomers (14) (15) (16) (17) (18) . However, few analytical studies have focused on D -amino acids in fermented seasonings commonly used in Asian cuisine.
In this study, we analyzed D -amino acids with a focus on D -Ala and D -Glu in fermented products, including soy sauces, misos, and fish sauces. Soy sauce is used in almost every meal in Asian countries, especially Japan, D -Amino Acids in Seasonings 429 and can also be found in Western countries. Miso is almost used daily in Japan and is a prevailing seasoning in other Asian countries. Fish sauce is used frequently in Southeast Asia and is becoming more popular in Japan.
MATERIALS AND METHODS
Food samples and chemicals. Four kinds of soy sauce (Koikuchi, Usukuchi, Tamari, and Saishikomi), three kinds of miso (Kome, Mugi, and Mame), and four kinds of fish sauce (Ika Ishiru, Iwashi Ishiru, Nam-pla, and Nuoc mam) were purchased from markets in Japan for use as fermented seasoning samples; no samples contained amino acid as a food additive (Table 1) . D -Ala and D -Glu as standards and 4-fluoro-7-nitrobenzofurazan (NBD-F) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other chemicals used were of analytical grade.
Measurements of free amino acids by amino acid analyzer. A mixture of miso and water (1 : 14 w/v) was shaken at 50˚C for 30 min, methanol was added to the mixture (6 : 15 w/v), and then the obtained mixture was shaken again at 50˚C for 15 min. The insoluble components were removed by centrifugation at 1,000 ϫ g for 20 min. Each soy sauce and fish sauce sample in its raw form and the prepared miso extract was added to an equal volume of 3% (w/v) sulfosalicylic acid for protein removal. Each mixture was centrifuged at 20,000 ϫ g for 15 min, and the supernatant was used for amino acid analysis. Each free amino acid ( L -ϩ D -enantiomers) was quantified using an automatic amino acid analyzer (JLC-500/V, JEOL Ltd., Tokyo, Japan).
Analysis of D -amino acids by HPLC. Free amino acids in the deproteinized samples were defatted by diethylether. To remove pigments from the defatted samples, they were applied on a solid phase extraction column (Sep-Pak C-18 cartridge; Waters Co., MA, USA) that had been beforehand activated with water, and samples were eluted with 0.01 N HCl (3 mL). Subsequently, the eluent was subjected to a cation exchange column (0.7 ϫ 6-cm, Dowex 50W-X8; Bio-Rad Lab, MI, USA). The amino acids were eluted with 2 M NH 4 OH (5 mL), and the eluent was evaporated to dryness.
The dried sample was dissolved in 0.5 mL of 0.2 M boric acid buffer (pH 8.0) and reacted with NBD-F for fluorescence detection on high-performance liquid chromatography (HPLC). NBD-F derivatization was basically carried out according to the method described by Hamase et al. ( 19 ) . Briefly, the sample (20 L) was mixed with 40 L of 0.2 M boric acid buffer (pH 8.0) and 60 L of 50 m M NBD-F in acetonitrile. The mixture was reacted at 60˚C for 5 min. After the reaction, 1% (w/v) trifluoroacetic acid (880 L) was added to the reactant solution.
Amino acids derivatized with NBD-F were separated and quantified by a HPLC system that consisted of a pump (PU-2089, Jasco Co., Tokyo, Japan), a chiral column (Sumichiral OA-2500, 250 mm ϫ 4.6 mm I.D., Sumika Chemical Analysis Co., Osaka, Japan), and a fluorescence detector (FP-920, Jasco Co.). The isocratic elution was performed at a flow rate of 1.0 mL/min with 5 m M citric acid in methanol as the mobile phase. The fluorescence intensity for the NBD-amino acids was detected at 530 nm with excitation at 470 nm.
Statistical analysis. Data were subjected to Student's t -test and analysis of variance (ANOVA) to determine statistical significance ( p Ͻ 0.05). Results were expressed as mean Ϯ standard error of the mean ( Ϯ SEM).
RESULTS

Contents of free amino acids in samples
Free amino acids ( L -ϩ D -enantiomers) in 11 fermented seasonings, including four soy sauces, three misos, and four fish sauces, were quantified by an amino acid analyzer. The free amino acid contents in the seasoning samples are shown in Table 2 . The samples contained almost all amino acids except Cys, Asn, and Trp. Table 2 also shows the total amounts of free amino acids quantified in each seasoning sample. The average contents of total free amino acids in all the soy sauce (499 Ϯ 59 mol/g sample) and fish sauce (462 Ϯ 54 mol/g sample) samples were almost equal to each other, but significantly higher than that in the miso samples ( t -test, p Ͻ 0.01; 141 Ϯ 23 mol/g sample).
The most abundant amino acid in most of the samples was Glu (average content 54.1 Ϯ 9.7 mol/g sample; average relative percentage 12.9 Ϯ 1.3% by mol/ mol), followed by Ala (43.9 Ϯ 7.1 mol/g sample; 12.9 Ϯ 0.7%; values were significantly lower than those of Glu; ANOVA, p Ͻ 0.01). The contents of the other amino acids decreased in the following order: Leu, Asp, Lys, Ser, Gly, Val, Ile, Thr, Arg, Pro, Phe, His, Tyr, Met, and Gln showing average relative percentages of less than 9%, and non-detectable value for Gln, Cys, Asn, and Trp (Table 2) . Therefore, in the present study, we focused on the D -enantiomers, D -Glu and D -Ala, for the two highest content amino acids, Glu and Ala.
Contents of D-Ala and D-Glu
Free D-Ala and D-Glu were analyzed for all the fermented seasoning samples by the HPLC system. A typical chromatogram for Nam-pla fish sauce is shown in Fig. 1 . The results were compared to those for the standard D-and L-enantiomers of Ala and Glu. Free D-Ala was quantified at finite levels in all the samples, whereas free D-Glu was not detected in the Kome and Mugi misos or Ika Ishiru and Iwashi Ishiru fish sauces (Fig. 2) .
The contents of D-and L-enantiomers of Glu and Ala in all the examined samples are shown in Fig. 2 (L-Glu and L-Ala were calculated by [total free GluϪD-Glu] and [total free AlaϪD-Ala], respectively). The average absolute content of D-Glu and D-Ala for all samples was 0.07Ϯ0.04 and 0.25Ϯ0.04 mol/g sample and the average percentages of free Glu and Ala were 0.12Ϯ0.05 and 0.92Ϯ0.26% (mol/mol), respectively. The contents of L-Glu and L-Ala were almost the same as those of free Glu and free Ala. Thus, although the average content of L-Glu was 1.2-fold higher than that of L-Ala, D-Ala showed 3.6-fold higher content than DGlu. In its manufacturing process, addition of "sake" and weakly roasted wheat Tamari The profiles of both L-Glu and L-Ala contents in the samples were similar to each other ( Fig. 2A) , and they also resembled that of total amino acid content (Table  2) Results are expressed as means of 5 analyses of the same samples. soy sauce were 0.23Ϯ0.03 and 0.04Ϯ0.01 mol/g sample, respectively; the former value was 5.8-fold higher than the latter one. In comparison, the free DAla content in the Tamari soy sauce was only 1.2-fold higher than its D-Glu content. The contents of D-Ala and D-Glu in the Tamari soy sauce showed a unique profile, suggesting that their derivation is different from that of these D-enantiomers in the other samples. Figure 3 shows the relative percentages of free D-Ala and D-Glu in the samples. Free D-Glu content was much lower than that of free D-Ala for all samples. Free D-Ala content in the miso group showed a considerably higher average percentage (2.1Ϯ0.4%) compared to those in the soy sauce (0.5Ϯ0.1%) and fish sauce (0.5Ϯ0.2%) samples. On the other hand, D-Glu content could not be compared among samples, as it was found at extremely low levels, or was undetectable.
DISCUSSION
Free amino acids in foods have been well studied mainly from the viewpoint of their nutritional value. Recent studies have been focusing on D-enantiomers of free amino acids in foods to determine their involvement in physiological functions for humans. However, D-amino acids in fermented seasonings that are commonly used in Asian cuisine have not been well investigated. Therefore, we examined free amino acids including their D-enantiomers in traditional Asian seasonings, including soy sauces, misos, and fish sauces.
The most abundant free amino acid in the seasonings studied was L-Glu. As this amino acid is known to enhance palatability in foods, it is commonly added to processed foods in the form of its monosodium salt (monosodium glutamate: MSG) at levels of 0.2-0.9% (wt/wt of food). In this study, the examined seasonings containing no artificially added amino acids had free LGlu levels of 0.7-2% (soy sauces), 0.03-0.4% (misos), and 0.5-1% (fish sauces) (wt/wt sample), suggesting that soy and fish sauces have sufficient amounts of free L-Glu for palatability. As the free L-Glu level in the miso samples was quite low, appropriate amounts of L-MSG are sometimes added to miso products during the manufacturing process.
As the knowledge of the origin of free amino acids is important, we attempted to identify the origin in these fermented seasonings. The L-amino acid contents determined in the soy sauce, miso, and fish sauce samples showed good linear correlation (correlation coefficients: 0.77-0.94) with those in Japanese soybean of the raw materials (L-amino acid contents estimated from data of Japanese soybean used for soy sauces and misos, squid for Ika ishiru, and sardine for Iwashi ishiru, Nam-pla, and Nuoc mam obtained from the Standard Tables of Food Composition in Japan (STFC) (20)). Thus, the Lamino acids in the samples appear to be mainly derived from the raw materials themselves.
Estimation of the origins of free D-amino acids in the sample is not as easily determined. Some possible sources and mechanisms have been investigated: 1) free D-amino acids from the raw materials, 2) bacterial source through the process of autolysis, and 3) racemization of L-enantiomers to D-enantiomers by bacterial racemases and/or chemical reactions like the Maillard reaction.
1) Contribution of D-amino acids from raw materials
Brückner and Westhauser (21) quantified free D-Ala and D-Glu naturally occurring in soybean to be 75.3 and 79.8 mol/kg-soybean, respectively. According to data from STFC (20), 21.8 and 42.2% (wt/wt) of soybean comprising total amino acids remains in the soy sauce and miso products (1 g), respectively. Based on these percentages and their quantified values (21), the D-Ala and D-Glu contents in soy sauce and miso were estimated to be 0.016 and 0.017 mol/g-soy sauce, and 0.032 and 0.034 mol/g-miso, respectively. These values corresponded to 3, 7, 8, and 20% of the D-Ala content and 4, 24, 57, and 21% of the D-Glu for the respective Tamari, Koikuchi, Usukuchi, and Saishikomi soy sauces examined in this study. For the miso samples, the percentages of D-Ala and D-Glu originating from soybean were 10 and 8% of the D-Ala content, and 0% (not detected) and 26% of the D-Glu content for the respective Kome and Mame misos. Both free D-Ala and D-Glu are intrinsically contained in soybean at very low levels. However, even if 100% of D-amino acids in the soybean is retained in the products, their contribution to the total D-amino acids in the products is not so large, except for the case of Usukuchi soy sauce. In Usukuchi soy sauce, the total content of free D-Glu was low (0.03 mol/g), and therefore the contribution from soybean appears to be predominant.
2) Contribution from bacteria
Brückner et al. (1) investigated D-enantiomers of amino acids derived from nine kinds of bacteria frequently used as starter cultures in the production of fermented foods. From their reported data, the average amount of D-Ala extracted by ethanol for all bacteria examined by them is estimated to be 4.6-fold (mol/mol) higher than that of D-Glu. Moreover, the average content of D-Ala in our present samples was 6.0-fold higher than that of D-Glu, except in the case of Tamari soy sauce, which almost agrees with the above estimation from data of ref 1). Thus, bacterial autolysis may be a contributing factor of D-amino acids in the samples examined in this study. The high content of D-Ala and D-Glu in the Tamari soy sauce may be related to the high content of free LAla and L-Glu. The production process of Tamari soy sauce involves an approximately 2-fold longer fermentation step (1 to 1.5 y) compared to those of other soy sauce, miso, and fish sauce products. During this step, D-Ala and D-Glu could be produced in high quantities by bacterial racemases. Alternatively, as Tamari soy sauce has a deeper dark brown color, the Maillard reaction is favorable for producing D-Ala and D-Glu.
Taken together, L-amino acids in the fermented seasonings were obviously derived from raw materials, while free D-amino acids are thought to be produced by reactions including racemization and bacterial autolysis taking place during the fermentation process, and only partly from raw materials.
Physiological roles and pathological effects of Damino acids have been found in mammals, including humans. High-dose administration of D-Ser, D-Pro, or DGlu has been shown to have nephrotoxicity (6), renal and hepatic damage in rats (23), or immunosuppressive activity (24) . L-Ser as well as Gly is known to function as an astroglia-derived trophic factor for cerebellar neurons (25) . D-Ser also functions as a neuromodulator in the central nervous system by binding to the glycinebinding site of the N-methyl-D-aspartate (NMDA) receptor (9) . In addition, D-Ala has been found to significantly improve symptoms of schizophrenia caused by hypofunction of the NMDA-subtype glutamate receptor in humans (11) . Recently, D-Ala was found to localize to ␤-cells in rat pancreas, suggesting that this D-amino acid is involved in the regulation of insulin secretion by the stimulation of NMDA receptors (26) . In contrast, LAla has not been reported to function in the nervous system. Thus, at least in the case of Ala, only its D-form appears to play a significant role in the nervous system. Although D-amino acids have physiological and pathological functions, the origins of D-amino acids in the body are poorly understood. Racemase, which has been found to convert L-enantiomers to their D-forms in vivo, is only effective for Ser (27) , although the existence of Asp racemase has been suggested by an in vitro experiment (28) . Biosynthesis of D-amino acids in mammals has not been reported, indicating that the origin of D-enantiomers of amino acid is mostly foods. In the present work, we investigated the content of only D-Glu and D-Ala in traditional Asian seasonings. For other D-amino acids, their content is a subject awaiting determination. Recently, several amino acid transporters have been found in the small intestine (29), but they have high substrate specificity (30) , and absorption of the D-forms has not been confirmed. Further study is therefore necessary to determine how D-amino acids from foods are absorbed via the small intestine.
In conclusion, the traditional Asian fermented seasonings soy sauce, miso, and fish sauce contain free DGlu and D-Ala. D-Ala in the seasonings is present at relatively high levels and is derived from raw materials, by bacterial autolysis, racemization by racemase and/or chemical reaction, depending on the production conditions.
